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ABSTRACT. The purpose of this study is to provide
regulatory agencies with information about the hydrology
of tidal creeks by developing mathematical relationships
between time, stage, and discharge. Currently, there are
no stage-discharge or time-discharge relationships for
these creeks, or many other similar creeks in the South
Carolina Coastal Plain, so this information will fill an
existing gap. The results will be used to evaluate
biological responses (e.g., algal blooms) in coastal waters
to identify linkages to flow and nutrient (nitrogen and
phosphorus) dynamics in the waters; in other words, can
nutrient delivery rate (mass flux) predict biological
responses in coastal wetlands?
There are four study sites: two in the AshepooCombahee-Edisto (ACE) Basin and two in the
Charleston Harbor system. study sites varied in creek
size from first-order headwater creeks (Horlbeck),
second order (Bulls), to more complex 3rd or 4th order
creeks (Big Bay and Wimbee). Opportunistic sampling,
with the goal to encompass as large a range of
measurements as possible, is occurring over a two year
period (2015-2016) to measure volumetric discharge in
each creek with an acoustic Doppler current profiler
(ADCP) unit. Additionally, the discharge data, combined
with information from a related effort to collect nutrient
and phytoplankton data, will be used to calculate
presumptive Total Maximum Daily Load (TMDL)
estimates for these sites. A runoff model will be used to
estimate the potential water entering the creeks from the
land surface; this quantity will be compared to the total
volume of water that enters or exits the creeks (the tidal
prism) to better understand how runoff may affect the
environmental health and algal ecology in these creeks.
The measured discharge at all four sites was
asymmetric, with the ebb being dominant. This means

that the peak discharge occurred on the ebb tide, and that
the flood tide occurred over a longer period of time. The
faster velocities on the ebb have the potential to move
more suspended solids and nutrients out of the
headwaters and into the receiving estuaries, underscoring
the importance of the designation of tidal creeks as
“sentinels” for coastal ecosystem health. These smaller
systems cannot dilute the deleterious effects of upland
development, such as increased runoff due to impervious
area.

INTRODUCTION
Tidal creeks are common landscape features in low
energy systems worldwide, such as behind barrier islands
and tributaries to large rivers and estuaries. They act as a
primary hydrologic link between estuaries and landbased activities, as well as critical feeding grounds,
spawning areas, and nursey habitats for shellfish, fish,
birds, and mammals (Sanger et al., 2015). In the South
Carolina coast, tidal creeks make up 17% of the water
systems (D. Sanger, personal correspondence, May 31,
2016). Typically, a creek is between 5 and 500 meters in
width and 0 to 15 meters in depth (Blanton, Andrade, &
Ferreira, 2006). In South Carolina, tidal creeks exhibit a
semidiurnal tidal pattern (two high tides and two low
tides daily) and are classified as mesotidal systems (the
average tidal range of 1.4-2.6 meters).
The hydrology of tidal creeks makes them unique
when compared to non-tidal systems. First, the change in
flow direction means that pollutants have the ability to
enter the system from both upstream and downstream
sources. The directional change also means that tidal
creeks do not fit a typical rating curve scenario where

increasing water depth leads to increasing discharge; in
fact, the maximum discharge occurs at an intermediate
stage between high and low tides. Further complicating
the understanding of the hydrology of these systems is
the fact that the discharge is not symmetric on the flood
and ebb cycles. Although gage height varies with time in
a smooth sinusoidal manner (Leopold, Collins, &
Collins, 1993) this is not true for velocity or discharge.
Previous studies in South Carolina marsh creek systems
have shown that the ebb dominant estuaries are common
south of Cape Romain, South Carolina (Barwis, 1977).
Ebb-dominant systems usually have longer lags at high
water than low water, longer rising tides, stronger ebb
than flood currents, and tend to be deeper with extensive
regions of flats and marshes (Speer, Aubrey, &
Friedrichs, 1991). These systems experience inefficient
water exchange between the extensive intertidal marshes
and the deep channels near the time of high water
(Blanton et al., 2006). This tidal distortion is the result of
nonlinear interaction of the offshore tide with the estuary
which produces harmonic and compound tides of the
principle astronomical constituents; in the many of the
world’s semidiurnal coastlines the M2 is the largest
semidiurnal constituent and the M4 is the largest quarterdiurnal tide formed in the estuary (Blanton, Lin, &
Elston, 2002; Dronkers, 1986; Huang, Chen, Blanton, &
Andrade, 2008).

This paper will describe the methodology we have
developed to measure discharge with respect to time and
stage, and how this information is being applied to
understand nutrient fluxes in these systems.
PROJECT DESCRIPTION
Four tidal creeks in South Carolina were studied over
the course of two years to understand the relationship
between tide and discharge. Two of the creeks (Wimbee
and Big Bay) were located in the relatively undeveloped
ACE Basin, and two in the more urbanized Charleston
Harbor System (Horlbeck and Bulls) as shown in Figure
1. Within each drainage system, one creek was classified
as more disturbed or developed than the other; thus, in
order of degree of impact from least to greatest, the
creeks are Wimbee (WC), Big Bay (BBC), Horlbeck
(HC), and Bulls (BC).
The discharge was measured at evenly-spaced
intervals throughout a tidal cycle. These data points were
plotted over time, relative to high water slack, in order to
produce a model to predict discharge as a function of
time. The predictive equations were integrated to
determine the tidal prism, or volume of water that flows
through a cross-section of the tidal creek (Blanton et al.,
2006).

Figure 1: Study site location map showing Horlbeck Creek (Mt. Pleasant, SC), Bulls Creek (Charleston, SC),
Big Bay (Edisto, SC) and Wimbee Creek (Yemassee, SC).
METHODS
in order to capture as many different tidal conditions
(flood, ebb, spring tide, neap tide) as possible for each
Discharge measurements were recorded using a
study site in order to account for variability in creek stage
Teledyne RD Instruments acoustic Doppler current
and velocities.
profiler (ADCP) WorkHorse Monitor 1200 kHz model
The time of the discharge measurements were
(Teledyne RD Instruments, 2011, 2014). This equipment
normalized to high water slack (HWS) for each day’s
uses sonar pings to measure water velocity within a
effort. This way, we can compare many different days’
consistent-sized sub-area all along the transect cross
efforts relative to time in the tidal cycle. Additionally, by
section. The equipment calculates the discharge for each
plotting discharge as a function of time, we can use
small area unit and then sums them all to provide a total
integration to determine the total volume of water for any
discharge for the entire cross-section at a specific point
period of the tidal cycle (Boon, 1975).
of time. In order to differentiate between the flood and
The data for each site were divided into flood and ebb
ebb data, we utilized a signage convention: any positive
respectively (Figure 2). Several best-fit equations were
(+) discharge was considered ebb flow (toward the
derived for the data using polynomial functions in Excel
mouth of the creek) and any negative (-) discharge was
and non-linear regression with sine functions using R
considered flood flow (toward the headwaters of the
software. The resulting equations for best fit lines were
creek).
plotted using a graphing calculator to determine 1) the
At each study site, we designated a single transect
length of the tidal cycle, 2) the time and value for the
location (a perpendicular cross-section to flow in the
peak discharge, and 3) total volume for each tidal cycle.
creek). In order to obtain an average total discharge
The length of the flood tide is the time from low water
measurement for any given time, we would take 3-4 runs
slack (LWS) to high water slack (HWS). For the purpose
of the same transect. These groups of runs were spaced
of this study, HWS is defined as the time = 0 where
out 30-40 minutes throughout a day’s monitoring effort,
discharge = 0. Similarly, the length of the ebb cycle is
with the goal of capturing as much of a tidal cycle as
the time from HWS to LWS, as shown in Figure 2. The
possible (usually about 8-10 hours’ worth of data). The
length of the tidal cycle was determined by using built-in
field monitoring efforts were spaced out over 2015-2016
functions in the graphing calculator to determine the x-

intercept of the equation to find the point of LWS, e.g.
the point where the best fit line crosses the x-axis at
discharge = 0. If the best fit line did not cross the x-axis,

Wimbee Creek was the most ebb-dominant and
asymmetric with respect to discharge for all four creeks

Figure 3: Stage-discharge relationship for Wimbee Creek.

(Figure 2). This illustrates additional important
characteristics of the circular stage-discharge “rating
ellipse.” First, for the same stage there will be a different
discharge on the flood and ebb tide. It is also possible to
have the same discharge occur at different stages. In our
four study sites, the peak ebb discharge is always greater
than the peak flood discharge. Also, the peak flood
discharge occurs at a higher stage than that for peak ebb
discharge for all four of our study sites.

Figure 2: Location of tidal cycle start points and peak
discharge for ebb (top) and flood (bottom).

the time of LWS was assumed to be the minimum point
of the curve. Finally, equations for discharge versus time
were integrated to obtain the total discharge (or tidal
prism) for the flood and ebb, respectively (Boon, 1975).
RESULTS
Stage and Discharge Relationship. As shown in Figure
3, the stage and discharge in the tidal creeks are related in
a cyclic pattern and not the traditional “rating curve” of
unidirectional, non-tidal systems. Starting at HWS
(where discharge is zero and the stage is relatively high),
the discharge increases as the stage decreases in the
channel. Peak discharge occurs on the ebb midway
between HWS and LWS; once peak discharge has been
attained, the discharge decreases as the stage falls to the
point of LWS. As the flood tide commences after LWS
the discharge increases until nearly the stage of HWS.

Flood and Ebb Cycle Duration. In the coastal plain of
South Carolina, tidal creeks are classified as semidiurnal, meaning that there are typically two high tides
and two low tides in a lunar day (24 hours, 50 minutes),
which is the time it takes for a particular point on Earth
to rotate through two tidal bulges. Thus, in an ideal,
symmetric system, the high tides occur 12 hours and 25
minutes apart, and there are 6 hours and 12.5 minutes
between high and low tide (NOS, 2008).
It is important to note here that HWS and high tide are
not coincident; neither is LWS and low tide, as is
illustrated in Figure 4. As with other studies (Leopold et
al., 1993), we have observed a lag between the time at
which the water is at its highest stage (B, high tide) and
when the water stops moving upstream (C, HWS).
Similarly, there can be a lag between when water reaches
its lowest stage (low tide) and when the water stops
flowing downstream. In a tidal creek study in California,
velocity continued for one-half to one hour after gage
height reached its maximum or minimum; the researchers
stated that the inertia of flowing water kept the water
velocity flowing in a particular direction until the slope
(water surface elevation of the creek at the mouth
compared to headwaters) reversed (Leopold et al., 1993).

Figure 4: Lag times between peak flood discharge (A), high
tide (B), high water slack (C), and peak ebb discharge (D).

Volume Calculations. The data for time and discharge
were modeled using best fit lines derived using two
different software applications (R and Excel). The
resulting equations were integrated to determine a total
average volume discharged (tidal prism) on the flood and
ebb tide for the sampling point along each creek system.
From smallest to greatest discharge, the creeks ranked as
Horlbeck, Bulls, Wimbee, and Big Bay (Figure 5). All of
the creeks, except for Wimbee, had relatively equal
discharge on the flood and ebb with differences being
less than 10%. A previous study in tidal creek hydrology
found that peak ebb discharge exceeded the flood by
more than 50% in some cycles, but the measured
volumes entering and leaving the marsh typically differ
less than 7% (Boon, 1975). Thus, Wimbee was a clear
outlier with the ebb discharge exceeding the flood by
more than 50%.

In general, for all four study sites the predicted (and
observed) duration of the flood tide was longer than that
for the ebb. The average estimation for the flood tide
length was 7.06 hours for Big Bay, 6.97 for Bulls Creek,
6.53 for Wimbee Creek, and 6.39 for Horlbeck Creek.
The average estimation for the ebb tide length was 6.19
hours for Wimbee Creek, 5.63 hours for Bulls Creek,
5.43 hours for Big Bay Creek, and 4.79 hours for
Horlbeck Creek. Thus, on average, the flood tide was
1.62 hours longer than the ebb at Big Bay Creek, 1.60
hours longer at Horlbeck Creek, 1.34 hours longer at
Bulls Creek, and 0.49 hours at Wimbee Creek.
Peak Discharge. At all fours sites, the peak discharge
on the ebb was larger than the peak on the flood (Table
1). The greatest peak discharge was estimated for Big
Bay Creek (334.31 m3/s on the ebb) and the smallest
peak discharge was estimated for Horlbeck Creek (-9.21
m3/s on the flood). The average predicted timing of the
peak ebb discharge occurred closer to HWS than peak
flood discharge. For example, the average peak flood
discharge on Big Bay Creek occurred 3 hours before
HWS, whereas the average prediction for peak ebb
discharge occurred about 2.5 hours after HWS. The
predicted peak discharge values for both the flood and
ebb at Horlbeck and Bulls Creeks appear to be closer
than Big Bay and Wimbee, which show a larger skew
toward ebb dominance.
Table 1: Average predicted values for peak discharge.
Site
Flood
Ebb
Peak Q
Time
Peak Q
Time
(m3/s)
(hr)
(m3/s)
(hr)
Big Bay
-281.76
-3.00
334.31
2.54
Bulls
-13.66
-2.83
15.63
2.44
Horlbeck
-9.21
-2.54
9.94
2.12
Wimbee
-78.13
-2.86
130.18
3.35

Figure 5: Predicted discharge volume for flood and ebb
tides.

DISCUSSION
Tidal distortion in these creek systems is a result of the
frictional distortion in channels and intertidal storage in
marshes and tidal flats (Friedrichs & Aubrey, 1988). The
distortion of the time it takes for the water to move from
HWS to LWS (ebb tide) or LWS to HWS (flood tide)
affects the water velocity and thus discharge. In the four
creeks in this study, we have observed ebb-dominated
creek systems typical of the southeast. In an ebbdominated system, the length of time of the flood is
longer than that of the ebb, but the peak discharge on the
ebb is greater. This has two implications. First, the
systems are essentially moving the same volume of
water, or tidal prism. So if the ebb is shorter than the
flood, the water needs to move faster than on the flood to
get the same volume of water out. Second, if the ebb
current is dominant, the higher velocities on the ebb have
the potential to move a greater bedload of sediment
(Dronkers, 1986; Friedrichs & Aubrey, 1988; Huang et
al., 2008) and other nonpoint source pollution such as

chemicals, bacteria, and viruses from the headwaters out
to the estuaries (Sanger et al., 2015).
The ebb dominance was most pronounced in Wimbee
Creek (Figure 5), which had almost twice the volume of
water moving past our study site on the ebb than on the
flood.
We hypothesize that this creek behaved
differently from our other three sites because it is located
much further inland, close to the fresh/saltwater dividing
line. The flood loses more energy as it moves father up
the tidal creek, reducing the total volume of water
delivered to this site. Furthermore, the headwaters of
Wimbee Creek are connected to the Combahee River – a
large system that has non-tidal and tidal inputs. We
believe that the force of the nontidal headwater inputs
from the Combahee River contribute to the overall larger
ebb discharge on Wimbee Creek.
Continued work with this project will include applying
the predicted discharge volumes with the nutrient and
phytoplankton measurements at these study sites to
determine the fluxes of these entities in the estuaries.
Furthermore, stormwater modeling in these systems will
be conducted to determine what loading of nutrients
could potentially come from upland sources and compare
to the overall loading within the creek.
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